Maize (Zea mays) accumulates maize terpenoid phytoalexins (MTPs), kauralexins and zealexins in response to various elicitations. Although the key biosynthetic genes for these have been characterized, the regulatory mechanism remains unclear. Through co-correlation analysis, a transcription factor (TF), ZmWRKY79, was identified as highly correlated with expression of MTP biosynthetic genes. Gene expression analysis indicated that ZmWRKY79 was induced by Fusarium graminearum infection, phytohormone treatment, and multiple stresses. Overexpression of ZmWRKY79 in maize protoplasts increased expression of genes involved in MTP biosynthesis, jasmonic acid and ethylene pathways, and scavenging of reactive oxygen species (ROS). Subsequent transient RNAi in maize protoplast compromised the induction of MTP biosynthetic genes by jasmonic acid and ethylene combined treatment. Such regulation was further demonstrated to be dependent on a W-box or WLE cis-element. Transient overexpression of ZmWRKY79 in tobacco conferred resistance against Rhizoctonia solani infection through reducing ROS production. Our results indicate that MTP biosynthesis is regulated by the common transcription factor ZmWRKY79, which plays a broad role as a potential master regulator in stress response through involvement in phytohormone metabolism or signaling and ROS scavenging.
Introduction
Plants have evolved complicated defensive systems that include chemical defense against various biotic and abiotic stresses. Phytoalexins are specialized metabolites with low molecular mass that exhibit direct toxic effects against fungal pathogens and play important roles in plant chemical defense (Ahuja et al., 2012) . Abundant phytoalexins have been identified in plant species, such as camalexins in Arabidopsis and momilactones and phytocassanes in rice (Oryza sativa) (Pedras and Adio, 2008; Hasegawa et al., 2010) . Two kinds of terpenoid phytoalexin, kauralexins and zealexins, have been isolated from maize Schmelz et al., 2011) . Their biosynthetic pathways have been partially explored ( Supplementary Fig. S1 at JXB online). Kauralexins have ent-(iso)kaurene core structures, which are synthesized by sequential cyclization from (E,E,E)-geranyl geranyl diphosphate (GGPP), catalysed by ent-copalyl diphosphate synthase (CPS) and kaurene synthase (KS). An2 has been characterized as the CPS that catalyses the first step of GGPP cyclization and conversion to ent-copalyl diphosphate (ent-CPP), which is further cyclized to ent-kaurene by KS (Harris et al., 2005) . Recently, we have found that ZmKSL5 and ZmTPS1 catalyse such ent-kaurene formation during kauralexin biosynthesis (Fu et al., 2016) . Zealexin biosynthesis is initiated with β-macrocarpene formation from (E,E)-farnesyl pyrophosphate by ZmTPS6/11, which is subsequently used by cytochrome P450 monooxygenase CYP71Z18 to generate the bioactive zealexin A1 (Köllner et al., 2008; Mao et al., 2016) .
Phytoalexins are accumulated in plants in response to pathogen infection or elicitations such as ultraviolet irradiation or phytohormone treatment. These elicitations usually induce expression of genes of phytoalexin biosynthesis through transcriptional or translational regulation. In rice, multiple terpene synthase genes were induced by various elicitations resulting in accumulation of terpenoid phytoalexins, momilactones, and phytocassanes (Hasegawa et al., 2010) . A number of transcription factors (TFs) have been characterized as regulating rice terpenoid phytoalexin biosynthesis through acting on expression of biosynthetic genes (Okada et al., 2009; Akagi et al., 2014; Chujo et al., 2014; Yamamura et al., 2015; Fukushima et al., 2016) . Among these TFs, a bZIP TF, OsTGAP1, was shown to bind to the TGACG ciselement of the OsKSL4 promoter to regulate its gene expression and corresponding momilactone accumulation in rice suspension cells (Okada et al., 2009) . Another bHLH TF, diterpenoid phytoalexin factor (DPF), induced gene expression of OsCPS2 and CYP99A2 through binding to the N-box cis-element, by which DPF was involved in rice terpenoid phytoalexin accumulation in response to Magnaporthe grisea infection (Yamamura et al., 2015) . In Arabidopsis, camalexin biosynthesis was regulated by the TF AtWRKY33, which was tuned by further phosphorylation of the upstream mitogenactivated protein kinase MPK3/6 cascade (Mao et al., 2011; Birkenbihl et al., 2012) .
Maize also exhibited inducible accumulation of terpenoid phytoalexins in response to elicitations. Previous studies have shown that accumulation of kauralexins and zealexins are significantly induced in maize upon infection by multiple fungal pathogens Schmelz et al., 2011) . Phytohormone treatment also induced accumulation of maize terpenoid phytoalexins (MTPs). The combined treatment of jasmonic acid (JA) and ethylene (ETH) led to the inducible accumulation of both kauralexins and zealexins, but single treatment of either phytohormone did not Schmelz et al., 2011) . Such inducible MTP patterns were also detected in roots with abscisic acid (ABA) treatment or abiotic stress such as drought or salt stress (Vaughan et al., 2015) . The biosynthetic genes of kauralexins and zealexins were reported to exhibit similar inducible expression in response to these elicitations, suggesting common regulation of these two types of MTPs. However, the regulatory mechanism still remains to be elucidated.
WRKY proteins form a large family of TFs mainly mediating the expression of defense-related genes (Rushton et al., 2010) . The WRKY TFs are given their name based on the DNA binding domain containing the highly conserved WRKYGQK sequence (Eulgem et al., 2000) . According to the number of WRKY domains and the variation of zinc-finger types at the C-terminus, the WRKY TFs are divided into three groups. Group I contains two WRKY domains, at the N-and the C-terminus, respectively, while groups II and III have only one WRKY domain. The zinc-finger type of group III is Cx 7 Cx 23 HxC while the other two groups have the Cx 4-5 Cx 22-23 HxH type (Zhang and Wang, 2005) . Most WRKY members exhibited binding activities to the W-box cis-element with the sequence of TTGACT/C (Yamasaki et al., 2005) . Several WRKY TFs were also capable of binding to W-box-like elements (WLEs), which only contain the TGAC core sequence (Choi et al., 2015) . These elements are found in promoter regions of a number of defense-related genes, indicating the vital roles of WRKY TFs in plant defense. Indeed, a growing number of WRKYs have been identified as being involved in plant resistance, including AtWRKY33 mentioned above. For example, the rice TFs OsWRKY53 and OsWRKY13 positively regulate resistance against M. grisea infection and bacterial leaf blight (Chujo et al., 2007; Qiu et al., 2007) .
To identify the TF regulating MTP biosynthesis, we carried out a co-correlation analysis using available gene expression data of public databases and found that ZmWRKY79 expression was highly correlated with expression of An2 and ZmTPS6/11, the key biosynthetic genes of kauralexins and zealexins, respectively. Further analysis was concentrated on the functional characterization of ZmWRKY79. Gene expression analysis showed that ZmWRKY79 exhibited inducible gene expression in response to various elicitations. Transient overexpression and RNAi revealed that ZmWRKY79 positively regulated the expression of An2, ZmTPS6/11, and other MTP biosynthetic genes. Such regulation was further clarified as being dependent on W-box or WLE in these MTP biosynthetic gene promoters, as shown by promoter-reporter assays, yeast one-hybrid analysis, electrophoretic mobility shift assays (EMSA) and in vitro chromatin immunoprecipitation (ChIP)-qPCR analysis. In addition, ZmWRKY79 was observed to regulate gene expression in JA and ETH biosynthesis/signaling and scavenging of reactive oxygen species (ROS), which conferred resistance against Rhizoctonia solani in Nicotiana benthamiana.
Materials and methods

Plant material and treatments
Seeds of maize inbred line Mo17 were germinated and grown in soil at 28 °C and a 16 h light-8 h dark period for about 2 weeks until the stage of three expanded leaves. The 2-week-old seedlings were used for genomic DNA (gDNA) extraction, pathogen infection and chemical treatments. F. graminearum was cultivated in spore-productive medium as described before . The spores were collected and adjusted to the concentration of 1 × 10 6 ml −1 with 0.1% Tween 20 carrier solution. We used a scalpel to scratch leaves mildly and sprayed the spores or 0.1% Tween 20 as the solvent control on the aboveground tissues. Transparent plastic domes were used to retain the humidity, and samples were collected at 1, 3, 6, 12, and 24 h after treatment. The plant hormones salicylic acid (SA) and methyl jasmonate (MeJA) were applied to the leaves using the same approach as for the F. graminearum inoculation at 50 μM. Ethephon (ETH production) was applied at 33 μM jointly with MeJA as described previously Vaughan et al., 2015) . To imitate drought stress, seedlings were irrigated with 15% (w/v) PEG6000 or treated with 50 μM ABA. Salt stress was performed on roots with 100 mM NaCl treatment while 10 mM H 2 O 2 was applied for oxidative stress on roots. Samples were collected as described above except for ABA and H 2 O 2 treatments where samples were collected at 12, 24, and 48 h after treatment.
RNA isolation, gene cloning and expression analysis
Total RNA was extracted with TRNzol reagents (Tiangen, Beijing) according to the manufacturer's protocol. The cDNA was synthesized using the M-MLV reverse transcriptase from Takara. The coding sequence (CDS) of ZmWRKY79 (GRMZM2G025895) was cloned from maize leaves inoculated by F. graminearum spores and ligated into the pGEMT vector (Tiangen, Beijing) for sequencing. The verified ZmWRKY79 was subcloned into pBI221 under the control of the maize ubiquitin promoter for transient overexpression in maize protoplasts. Semi-quantitative reverse transcription PCR (RT-PCR) and quantitative real time PCR (qRT-PCR) were performed to analyse gene expression. qRT-PCR was performed on a CFX96 (Bio-Rad) using the SsoFast EvaGreen Supermix (Bio-Rad). The maize elongation factor Ef1a was used as the endogenous control. All Primers were verified for primer specificity by amplicon sequencing and are listed in Supplementary Table S1 .
In vitro synthesis of double-stranded RNAs
Two specific fragments (about 300 bp) of ZmWRKY79 CDS were amplified as the templates for in vitro synthesis of double-stranded (ds) RNAs. This experiment was conducted using the MEGAscript T7 kit (Ambion). The minimal T7 RNA polymerase promoter was introduced at the 5′ prime end of the forward and reverse amplification primers that are listed in Supplementary Table S2 . The synthesized dsRNAs were purified by precipitating in 3 M sodium acetate (pH 5.2) and ethanol.
Maize leaf protoplast preparation and transfection with plasmids or dsRNAs
This experiment was carried out using the polyethylene glycol (PEG)/calcium-mediated method (Yoo et al., 2007) . In short, the fully expanded second leaves were cut into strips. After osmotic treatment by 20% mannitol for 10 min, leaf strips were transferred into the enzyme solution (1.5% cellulase RS (w/v), 0.6% macerozyme R10 (w/v) (Yakult), 0.6 M mannitol, 10 mM MES (pH 5.7), 10 mM CaCl 2 and 0.1% BSA (w/v)) for 4-6 h incubation at 28 °C and 60 rpm to release protoplasts. Protoplasts were collected by horizontal centrifugation and resuspended in MMG solution (15 mM MgCl 2 , 0.4 M mannitol, 4 mM MES, pH 5.7) to reach a concentration of 2 × 10 6 cells ml −1 . For transfection, 1 ml protoplasts were transfected with 100 µg plasmids or dsRNAs. For MeJA/ETH treatment, 0.2 mM MeJA and 0.066 mM ethephon were added immediately after transfection. The tranfected cells were incubated at 25 °C in the dark for 16-24 h and used immediately for further analysis. Total RNA extracted from maize protoplasts was digested by DNase I (Takara) to get rid of the transfected plasmids and synthesized to be cDNA as above. To avoid any fake amplification of ZmWRKY79 from undigested plasmids by qRT-PCR analysis, cDNA was checked by RT-PCR before being used for qRT-PCR with the specific primers of the ubiquitin promoter in pBI221 to confirm successful DNA digestion in RNA extraction.
Subcellular localization of ZmWRKY79
To identify the subcellular localization, the CDS of ZmWRKY79 was amplified and ligated into pCAMBIA2300 without the stop codon to generate a ZmWRKY79-enhanced green fluorescent protein (eGFP) fusion construct. The plasmid was then transfected into maize leaf protoplasts prepared as above. The subcellular localization was analysed by a laser scanning confocal microscope (Nikon) as described before (Fu et al., 2016) .
Promoter activation assays
Promoter activation assays were performed by the luciferase (LUC)-β-glucuronidase (GUS) reporter system. Promoter fragments of two MTP biosynthetic genes, An2 and ZmTPS6, were cloned from maize gDNA and ligated into the pBI221-Ubi-LUC vector to replace the ubiquitin promoter (Hu et al., 2011) . The CDS of ZmWRKY79 was ligated into the pBI221-Ubi-GUS to replace the GUS gene (Supplementary Table S3 ). To investigate promoter activation of ZmWRKY79, the promoter-LUC constructs pAn2-LUC or pZmTPS6-LUC were co-transfected with the ZmWRKY79 overexpression construct pUbi-79 into maize leaf protoplasts as described above. pBI221-Ubi-GUS was co-transfected as the internal control. After incubation, the transfected protoplasts were transferred into CCLR lysis solution (100 mM KH 2 PO 4 (pH 7.8), 1 mM EDTA, 10% glycerol, 1% Triton X-100 and 7 mM β-mercaptoethanol) for protein extraction. 4-Methylumbelliferyl-β-D-glucuronide and luciferase assay reagent (Promega) were used as substrates for the GUS and LUC enzymatic assay, respectively (Chen et al., 2016) . The fluorescence and luminescence were determined using a Fluoroskan Ascent FL Microplate Fluorometer and a Luminometer (Thermo). Promoters of ZmTPS1 and ZmKSL5 were also cloned and ligated into pCAMBIA3301-GUS to replace the 35S promoter. Promoter activation assays of ZmTPS1 and ZmKSL5 were carried out as above except the reporter was changed to GUS and LUC was used as the internal control.
Yeast one-hybrid analysis
To explore in vivo binding of ZmWRKY79 to the promoter of An2, a yeast one-hybrid assay was performed using the yeast strain Y187. The CDS of ZmWRKY79 was subcloned into pGADT7-Rec2 through NdeI and BamHI. The bait sequence of the An2 promoter fragment (-1639 to -1440 bp) containing the active W-box (-1583 to -1578 bp) was cloned and ligated into the yeast vector pHIS2 through EcoRI and SacI. A sequence of the 3×W-box and a mutated version were also constructed (Supplementary Table  S4. ). Subsequently, ZmWRKY79 and promoter constructs were co-transformed into yeast strain Y187 (Wang et al., 2013) . Positive clones were screened on SD/−Trp/−His/−Leu selective medium containing 100 mM Triazol-3-amine (3-AT) at 30 °C for 2-6 d.
Recombinant expression of ZmWRKY79 and EMSA
The CDS of ZmWRKY79 was subcloned into pGEX-6t-1 vector through NdeI and XhoI to generate a glutathione S-transferase (GST)-tagged ZmWRKY79 construct. The recombinant construct was transformed and expressed in competent E. coli BL21 with 0.1 mM isopropyl β-D-1-thiogalactopyranoside at 28 °C for 4 h. The cells were then collected by centrifugation at 4 °C with 3000 g for 15 min, and the recombinant protein was extracted and purified using the glutathione (GSH)-coupled Agarose Affinity Matrix (Cwbio, Beijing) according to the manufacturer's instruction. Double-stranded probes and competitor fragments were synthesized separately, biotin labeled or not, and annealed according to the manufacturer's instructions of the EMSA Probe Biotin Labeling Kit (Beyotime, Jiangsu, China). EMSA was performed with a chemiluminescence EMSA kit (Beyotime). The probes are listed in Supplementary Table S5 .
ChIP in vitro and ChIP-qPCR
In vitro ChIP was performed mainly as described previously (Li et al., 2017b) . The purified recombinant GST-ZmWRKY79 fusion protein was prepared as above and incubated with GSH-coupled agarose beads overnight (4 °C, 7 rpm). The GST protein was also purified and added as the negative control. After incubation, the beads were washed 2 times with PBS buffer (pH 7.0) and subsequently with the incubation buffer (100 mM KCl, 50 mM Tris, 1 mM EDTA, 5% glycerol, 0.1% Triton X-100, 1 mM DTT, pH 7.0). Total gDNA of 2-week-old maize seedlings was extracted and diluted to 100 ng μl −1 and then sheared into 500-1500 bp fragments by sonication. The sheared DNA was incubated with proteins binding to the beads for 4 h (4 °C, 7 rpm). The beads were then washed three times with the incubation buffer to get rid of unbound DNA. The cross-linking DNA-protein complex was then eluted from the beads with elution buffer (1% SDS, 0.1 M NaHCO 3 ) at room temperature and 0.2 M NaCl was added to break protein-DNA interaction and release DNA at 65 °C for 2 h. DNA fragments were purified by adding an equal volume of phenol-chloroform-isoamylol (25:24:1, v/v/v) to get rid of proteins. The DNA fragments in the supernatant were precipitated using 1/10th volume of 3 M sodium acetate (pH 5.2) and 2 volumes of ethanol and washed with 70% ethanol. The precipitated DNA was dissolved with 20 μl ddH 2 O ready for qPCR analysis. Subsequent qPCR analysis was performed on the ABI step-one-plus system using SYBR qPCR master mix. The fold enrichment was calculated against the endogenous control, maize Ubiquitin1 (UBQ1, JX947345) promoter and normalized to the negative control. All primers used for ChIP-qPCR are listed in Supplementary Table S6 .
Tobacco infiltration
The transient overexpression of ZmWRKY79 in 5-week-old N. benthamiana was performed as described (Fu et al., 2016) . In brief, the Agrobacterium tumefaciens strain GV3101 was transformed with pCAMBIA1300-ZmWRKY79 for infiltration. The empty pCAMBIA1300 was used as a negative control. At 24 h after infiltration, leaves were inoculated with the hyphae of R. solani. The symptom was observed and recorded daily until the sixth day. The infected leaves were collected at appropriate times for RNA extraction and gene expression analysis as well as 3,3′-diaminobenzidine (DAB) staining as described before . Gene expression analysis of ROS scavenging in tobacco was performed as reported previously (Ahn et al., 2013; Wang et al., 2015; Yan et al., 2015) . The tobacco sesquiterpenoid phytoalexin capsidiol was measured at the fifth day. Around 5 g leaves was collected, ground to a fine powder in liquid N 2 , and extracted with 50 mL hexane twice. The combined organic extract was concentrated and analysed by gas chromatography-mass spectrometry with the method of terpene analysis described before . β-Eudesmol (Preferred Biotech, Chengdu, China) was added to the sample as the internal standard for calculation of concentration.
Bioinformatic analysis
To screen the candidate TFs involved in MTP metabolic regulation, An2 and ZmTPS6 were used as the 'bait' genes for Pearson co-correlation analysis, which was performed using a set of maize gene expession data available on PlexDB (www.plexdb.org/). The screening threshold of the Pearson index was set as ≥0.6. The amino acid sequence of ZmWRKY79 was aligned with other WRKY family members from group III including HvWRKY22 from Hordeum vulgare (AK377066) (Dey et al., 2014) , OsWRKY74 (XM_015795554), OsWRKY45(BK005048), OsWRKY69 (XM_015795554), and OsWRKY64 (XM_015764535) from Oryza sativa (Bagnaresi et al., 2012; Dai et al., 2016) , and AtWRKY53 (NM_118512.3), AtWRKY41(NM_117177.3), AtWRKY30 (NM_122316.3), AtWRKY46 (NM_130204.3), and AtWRKY55 (NM_001336861) from Arabidopsis (Kalde et al., 2003) . AtWRKY33 (NM_129404.4) in Group I was used as the out group. Alignment was carried out using Clustal X and DNAMAN software. The CLC Sequence Viewer 7.0 (CLC bio) was used for phylogenetic analysis between ZmWRKY79 and other group III WRKY TFs to produce a rooted phylogenetic tree. Promoter sequences of An2, ZmTPS6, ZmTPS1, and ZmKSL5 were acquired from Phytozome 10.0 (https://phytozome.jgi.doe.gov/pz/portal.html), and the cis-element predictions were performed on plantCARE (bioinformatics.psb.ugent.be/ webtools/plantcare/html/) and PLACE (www.dna.affrc.go.jp/PLACE/) (Higo et al., 1998; Rombauts et al., 1999) . Phosphorylation site analysis was conducted on KinasePhos (kinasephos.mbc.nctu.edu.tw/) (Huang et al., 2005) . Statistical analyses were performed by SPSS software (Horstmann, 1988) . The heatmap plotting was performed using HemI (heatmap illustrator) software (Deng et al., 2014) .
Results
Gene identification of ZmWRKY79
Maize terpenoid phytoalexins, as well as their biosynthetic genes, were induced in response to various elicitations Schmelz et al., 2011; Vaughan et al., 2015; Fu et al., 2016; Mao et al., 2016) . To find the TF regulating MTP biosynthesis, the publicly available gene expression data from PlexDB were used for co-correlation analysis with two key biosynthetic genes, An2 and ZmTPS6, as the guide genes. One putative transcription factor gene was observed to have a high Pearson's correlation index with An2 and ZmTPS6 (Supplementary Table S7 ). Gene cloning and subsequent sequencing showed that it corresponded to the transcription factor gene ZmWRKY79. Amino acid sequence alignment indicated that ZmWRKY79 belonged to the group III WRKY family and had a highly conserved WRKYGQK domain and a Cx 7 Cx 23 HxC zinc-finger motif. One nuclear localization sequence was also detected in ZmWRKY79, indicating its putative function as the TF in the nucleus (Supplementary Fig. S2 ). Subcellular localization analysis confirmed that ZmWRKY79 was localized in the nuclei of maize protoplasts (Fig. 1) . Further phylogenetic analysis showed that ZmWRKY79 was similar to two group III WRKYs, HvWRKY22 and OsWRKY74, both of which were reported to be involved in stress resistance ( Supplementary Fig. S3 ) (Dey et al., 2014; Dai et al., 2016) . In addition, ZmWRKY79 also contained two putative phosphorylation sites, suggesting potential post-translational regulation ( Supplementary Fig. S2 ).
ZmWRKY79 exhibited inducible gene expression in response to biotic and abiotic stresses and phytohormone treatment
To confirm the result of co-correlation analysis and explore the role in stress response, the gene expression pattern of ZmWRKY79 was analysed with different stresses or phytohormone treatments in maize tissues. Firstly, the constitutive expression of ZmWRKY79 was determined. Both above-and belowground tissues accumulated low amounts of ZmWRKY79 transcript ( Supplementary Fig. S4A ), which was consistent with low expression in most tissues by RNA-seq analysis ( Supplementary Fig. S4B ) (Sekhon et al., 2011) . Further analysis indicated thatZmWRKY79 was strongly induced in maize leaves by inoculation of F. graminearum spores at the early stages ( Fig. 2A) . F. graminearum infection has been proven to induce accumulation of kauralexins and zealexins, as well as gene expression of their biosynthetic genes Schmelz et al., 2011; Fu et al., 2016; Mao et al., 2016) . The inducible gene expression of ZmWRKY79 in response to F. graminearum infection confirmed our co-correlation analysis and implicated it in a putative regulatory role in MTP biosynthesis. Drought and salt stress have been demonstrated to induce MTP accumulation in roots (Vaughan et al., 2015) . Consistent with this, both salt stress and simulated drought stress by PEG6000 significantly increased ZmWRKY79 gene expression in maize roots (Fig. 2B, C) . Additionally, ROS is usually produced during plant stress response. We used H 2 O 2 to treat maize roots, which also apparently stimulated ZmWRKY79 gene expression (Fig. 2D) .
The phytohormones JA, ETH and ABA also play a role in induction of MTP accumulation Schmelz et al., 2011; Vaughan et al., 2015) . The combined treatment of MeJA and ETH drastically boosted ZmWRKY79 gene expression in maize leaves. In contrast, SA, the antagonistic phytohormone of JA, only slightly induced ZmWRKY79 gene expression after 1 h of treatment and thereafter exhibited suppression (Fig. 2E) . Further ABA treatment also increased transcript accumulation of ZmWRKY79 in maize roots (Fig. 2F ). All these data indicated that ZmWRKY79 was involved in the plant stress response and might play a regulatory role in MTP biosynthesis.
Transient overexpression of ZmWRKY79 induced MTP biosynthetic genes and apparently affected gene expression in JA/ETH pathways and ROS scavenging
To explore the putative regulation by ZmWRKY79 of MTP biosynthesis, we transiently overexpressed it in maize protoplasts. RT-PCR analysis showed that ZmWRKY79 had very low gene expression in the control that was transfected with the empty vector ( Supplementary Fig. S5 ), which is consistent with that in maize leaves ( Fig. 2; Supplementary  Fig. S4 ). In overexpression samples, ZmWRKY79 exhibited strong expression, indicating successful overexpression ( Supplementary Fig. S5 ). Using these overexpression samples, we firstly analysed gene expression of An2 and ZmTPS6, the key biosynthetic genes of kauralexins and zealexins, respectively. Their transcript accumulation was notably higher than that of control (Fig. 3A) . Further analysis showed that three other biosynthetic genes, CYP71Z18, ZmTPS1, and ZmKSL5, were also up-regulated by ZmWRKY79 transient overexpression in maize protoplasts (Fig. 3A) . These data indicated that ZmWRKY79 positively regulated the biosynthetic gene expression of MTPs.
Kauralexins and zealexins accumulate in response to treatment with JA/ETH or ABA that also induced ZmWRKY79 gene expression (Fig. 2) . JA and ABA synthesis increased during MTP accumulation in response to biotic or abiotic stress Vaughan et al., 2015) . Overexpression of ZmWRKY79 resulted in higher transcript accumulation of the JA biosynthetic genes AOS (allene oxide synthase), LOX (lipoxigenase), and AOC (allene oxide cyclase), as well as the ETH biosynthetic genes ACO (1-aminocyclopropane-1-carboxylate oxidase) and ACS (1-aminocyclopropane-1-carboxylate synthase) (Fig. 3B) . Interestingly, the repressor genes of JA signaling, JAZ14 and JAZ17, were also up-regulated by ZmWRKY79 transient overexpression. However, ZmWRKY79 overexpression did not significantly affect ABA and SA biosynthetic genes including NCED (9-cis-epoxycarotenoid dioxygenase) and PAL (phenylalanine ammonia lyase), as well as SA signaling genes NPR1 and other PR (pathogenesis-related) genes ( Supplementary Fig. S5 ). Furthermore, we have shown that H 2 O 2 induced ZmWRKY79 gene expression in maize leaves (Fig. 2D) . Consistent with such induction, antioxidant gene POD (peroxidase) was also induced by ZmWRKY79 overexpression, indicating its positive role in protection against oxidative stress (Fig. 3D) . These findings suggest a role of ZmWRKY79 in regulating defense response.
Transient silencing of ZmWRKY79 compromised the inducible gene expression in MTP biosynthesis
To confirm the regulatory function of ZmWRKY79 identified by transient overexpression, we further transiently down-regulated ZmWRKY79 by RNAi with dsRNA in maize protoplasts. Since ZmWRKY79 exhibited very low constitutive gene expression in leaves or protoplasts ( Fig. 2 and Supplementary Fig. S6 ), silencing of its constitutive expression seems not to be reasonable. MeJA/ETH treatment increased ZmWRKY79 expression in maize protoplasts ( Supplementary Fig. S6 ) similar to that in maize leaves (Fig. 2E) . Hence, we applied the MeJA/ETH treatment on maize protoplasts with ZmWRKY79 transient silencing, which was used to explore the regulatory role of ZmWRKY79 in JA/ETH induction on MTP biosynthetic genes.
We designed two dsRNAs corresponding to the CDS of ZmWRKY79. Transfection of these two dsRNAs inhibited the induction of ZmWRKY79 gene expression by MeJA/ETH treatment, indicating high silencing efficiency (Fig. 4A) . Further analysis showed that transient silencing of ZmWRKY79 significantly compromised the induction of MTP biosynthetic genes by MeJA/ETH treatment, indicating that such induction relied on ZmWRKY79 and confirming the regulatory function in MTP biosynthesis (Fig. 4B-F) .
ZmWRKY79 activated the promoters of An2 and ZmTPS6
To further dissect the regulatory mechanism of ZmWRKY79, we applied a promoter-reporter system to explore its activation of MTP biosynthetic genes. The promoters of An2 and ZmTPS6 were subcloned into pBI221-Ubi-LUC vector to replace the ubiquitin promoter and control the LUC reporter gene. The promoter-LUC plasmids were further transfected into maize protoplasts in the presence or absence of the ZmWRKY79 expression construct. As shown in Fig. 5 , cotransfection of ZmWRKY79 drastically increased the LUC activity, indicating the activation of An2 and ZmTPS6 promoters. Further deletion from −1639 to −1279 bp of the An2 promoter impaired the activation response, suggesting the presence of a functional cis-element located in this region. Sequence analysis predicted two W-box elements in the An2 promoter, and one of them was located in the deleted region (Supplementary Table S8 and Supplementary Fig.  S7 ). Mutation of the W-box located at −1583 to −1578 bp resulted in activity loss of the An2 promoter in response to ZmWRKY79 activation (Fig. 5A) . Strikingly, mutation of the second W-box (−915 to −910 bp) also decreased promoter activity. Further mutation of both W-boxes resulted in drastic activity loss of the An2 promoter, which exhibited even lower activity than that without ZmWRKY79 activation. Such evidence indicated that both W-boxes acted in the An2 promoter and the first one (−1583 to −1578 bp) played the major role in response to ZmWRKY79 activation.
On the other hand, in the ZmTPS6 promoter, four W-boxes and three WLEs were predicted ( Supplementary Fig. S8 and Supplementary Table S8 ). Sequential deletion and mutation of the three upstream W-boxes did not affect the promoter activity significantly (Fig. 5B) . The fourth W-box was located in the region of −775 to −200 bp with three WLEs. Deletion of the region completely wiped out the activation response of ZmTPS6 promoter in response to ZmWRKY79 elicitation (Fig. 5B) . Subsequent mutation analysis finally showed that only the WLE at −587 to −584 bp was responsible for induction of the ZmTPS6 promoter by ZmWRKY79 (Fig. 5B) . Taken together, these data indicate that ZmWRKY79 positively regulates An2 and ZmTPS6 gene expression in a W-box-or WLE-dependent manner.
ZmWRKY79 directly bound to An2 promoter
Although transient assays demonstrated that ZmWRKY79 positively regulated An2 and ZmTPS6 expression through acting on specific cis-elements, direct binding of ZmWRKY79 to these elements needs to be explored. Thus, the EMSA assay was firstly used to test the direct interaction between ZmWRKY79 and the promoters in vitro. The purified ZmWRKY79 recombinant protein was incubated with the following biotin-labeled probes for EMSA analysis: 4×W-box (4WB-Bio), 4×WLE (4WLE-Bio), and two 40 bp fragments of An2 (pAn2WB-Bio) and ZmTPS6 (pT6WLE-Bio) promoters containing putative binding sites identified above (Fig. 6A and Supplementary Fig. S9 ). When incubated with ZmWRKY79, 4WB-Bio and pAn2WB-Bio showed visibly shifted electrophoresis bands. The addition of 160× unlabeled 4WB or pAn2WB counteracted the shift bands as positive competitors, while the 160× unlabeled mutated fragments failed to impair the binding reaction (Fig. 6A) . However, we did not observe any shift bands when ZmWRKY79 was incubated with probes of 4WLE-Bio or pT6WLE-Bio (Supplementary S9 ). Yeast one-hybrid assays were further used to verify the binding activities between ZmWRKY79 and the An2 promoter. In the presence of ZmWRKY79, the yeast cells grew normally in the selective medium, indicating direct interaction between ZmWRKY79 and the two DNA fragments (Fig. 6B) . These results demonstrated that ZmWRKY79 directly bound to the W-box in the An2 promoter to regulate the corresponding gene expression.
ChIP in vitro indicated the binding of ZmWRKY79 to MTP biosynthetic gene promoters
Recently an in vitro ChIP was developed to quickly analyse TF and promoter interaction (Li et al., 2017b) , and no stable plant transformation is needed. Here we applied this in vitro ChIP to validate the interaction between ZmWRKY79 and MTP gene promoters ( Supplementary Fig. S10 ). Firstly the An2 promoter was tested and the significant enrichment was observed for the fragments covering the key W-box (−1583 to −1578 bp) identified above by ChIP-qPCR analysis (Fig. 7A) , which indicated the successful application of this in vitro ChIP in our study. Further analysis revealed low enrichment of ZmTPS6 promoter fragments containing the key WLE (−587 to −584 bp) identified above (Fig. 7B) , suggesting weak binding to ZmWRKY79 that was not determined by EMSA (Supplementary Fig. S9 ). We noticed that the probes (~40 bp) for EMSA were shorter than the fragment (~120 bp) detected by ChIP-qPCR. The franking sequence of the key WLE in ZmTPS6 promoter could contribute to the binding with ZmWRKY79, which might explain the interaction between ZmWRKY79 and ZmTPS6 promoter revealed by ChIPqPCR but not by EMSA. ZmTPS1 and ZmKSL5 promoters 
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Relative expression A ** ZmWRKY79 ** ** ** ** ** ** ** ** ** ** ** Fig. 4 . Transient silencing of ZmWRKY79 compromised MTP biosynthetic gene induction by combined MeJA and ETH treatment. Gene expression analysis of ZmWRKY79 (A) and MTP biosynthetic genes (B-F) by qRT-PCR in maize protoplasts treated by MeJA/ETH (ME) or transfected with two dsRNAs for ZmWRKY79 transient silencing separately under ME treatment (79Ri-ME-1, 79Ri-ME-2). Untreated maize protoplasts were used as the control (CK). Ef1a was used as the endogenous control. Asterisks indicate significant difference (Student's t-test, *P<0.05, **P<0.01). Error bars indicate SD (n=3).
were also analysed and significant enrichment was observed for fragments containing W-box or WLE (Fig. 7C, D) , which is consistent with promoter activation and transcriptional regulation by ZmWRKY79 of these two genes ( Fig. 3A and Supplementary Fig. S11 ). Another MTP gene, CYP71Z18, was not analysed here for lack of promoter information in MaizeGDB. Hence ZmWRKY79 was determined to regulate expression of MTP biosynthetic genes by activating their promoters through binding to specific cis-elements.
Overexpression of ZmWRKY79 enhanced the resistance against R. solani infection in N. benthamiana
To further illuminate its function in plant disease resistance, ZmWRKY79 was transiently overexpressed in N. benthamiana through A. tumefaciens infiltration. Tobacco leaves were subsequently inoculated with the hyphae of R. solani and symptoms were observed for six continuous days. The ZmWRKY79 overexpression plants showed less wilting and shrinking than the control (Fig. 8A) . Consistence with the lighter symptoms, less H 2 O 2 was observed in the ZmWRKY79 overexpession leaves by DAB staining (Fig. 8B) , implicating induction of the ROS scavenging system by ZmWRKY79 overexpression in N. benthamiana. Further gene analysis confirmed such an induction of ROS scavenging genes by ZmWRKY79 overexpression in N. benthamiana. At 36 or 72 h after inoculation with hyphae of R. solani, two ROS scavenging genes, GST (glutathione S-transferase) and CAT (catalase), significantly accumulated more transcripts in ZmWRKY79 overexpression lines than in control (Fig. 8C) . Another antioxidant enzyme, ascorbate peroxidase (APX) did not exhibit different gene expression between the overexpression sample and the control, suggesting no relevant role in ZmWRKY79-mediated resistance in N. benthamiana. Tobacco phytoalexin capsidiol was also analysed; however, no significant difference of capsidol concentration was observed between the overexpression leaves and the control (Supplementary Fig.  S12 ). Phytoalexins are species or genus specific with a special regulatory mechanism and might not be regulated by exogenous regulators from other species (Ahuja et al., 2012) . Hence, ZmWRKY79 transient overexpression enhanced the resistance against pathogen infection and ameliorated disease symptoms in tobacco by at least elevating ROS scavenging but not phytoalexin biosynthesis, while other mechanisms cannot be excluded. 
Discussion
Kauralexins and zealexins are the only two classes of phytoalexins identified in maize, exhibiting chemical defensive activities against pathogenic fungi and pest herbivores Schmelz et al., 2011) . They accumulate in response to elicitation through an uncharacterized mechanism. In this study, we characterized ZmWRKY79 as the first TF to activate gene expression in MTP biosynthesis through binding to MTP biosynthetic gene promoters. Notably, An2 and ZmTPS6 transcript accumulation started within 8 h and 4 h of pathogen infection, respectively Schmelz et al., 2011) , which was slower than for ZmWRKY79 (transcript level increase at 1 h after fungal inoculation; see Fig. 2A ). This is in accordance with the transcriptional regulatory function of ZmWRKY79 on An2 and ZmTPS6. A similar phenomenon was reported in artemisinin metabolism, in which AabHLH1 exhibited earlier induction than its target genes, ADS and CYP71AV1 (Ji et al., 2014) . Furthermore, ZmWRKY79 also regulated transcript accumulation of other biosynthetic genes involved in MTP biosynthesis, including ZmTPS1, ZmKSL5, and CYP71Z18 ( Figs 3A and 4B) . Likewise, the Catharanthus roseus bHLH transcription factor BIS1 was shown to activate all biosynthetic genes involved in iridoid formation (Van Moerkercke et al., 2015) . Such master control for phytoalexin biosynthesis also was reported in rice (Okada et al., 2009; Yamamura et al., 2015) . Apparently, ZmWRKY79 plays a pivotal role in MTP metabolism through tuning multiple biosynthetic genes. However, since it is impossible to measure MTP accumulation in maize protoplasts, a maize ZmWRKY79 overexpression line should be obtained to confirm its regulation of MTP biosynthesis in future investigations.
Multiple upstream regulatory mechanisms have been identified to regulate TFs of phytoalexin biosynthesis. AtWRKY33 positively regulated camalexin biosynthesis in Arabidopsis, which was further regulated by the mitogen-activated protein kinase cascade through phosphorylation (Mao et al., 2011; Birkenbihl et al., 2012) . Some putative phosphorylation sites were predicted at the C-terminus of ZmWRKY79, implying upstream regulation through protein phosphorylation ( Supplementary Fig. S2 ). In addition, plenty of ABA responsive elements, MeJA-responsive CGTCA-motifs and drought-inducible MBS elements were found in ZmWRKY79 promoter (Supplementary Table S8 ), indicating a wide function of ZmWRKY79 in the stress response. JA has been reported to act synergistically with ETH when plants are infected by necrotrophic pathogens (Thomma et al., 1998; Robert-Seilaniantz et al., 2011) . The combined treatment of MeJA and ETH significantly increased ZmWRKY79 transcript accumulation (Fig. 2E ). In addition, transient overexpression of ZmWRKY79 significantly induced JA and ETH biosynthetic gene expression (Fig. 3B, C) . Crosstalk between JA and ETH in response to necrotrophic pathogens was mediated partly through AP2/ERF TFs such as ERF5 and ERF6 (Moffat et al., 2012) . A number of G-box and GCC-box elements were detected in ZmWRKY79 promoter (Supplementary Table S9 ), which might be the binding target of some unknown ERF TFs to interact with ZmWRKY79 in response to combined JA and ETH signaling. In addition, the repressor gene of JA signaling, JAZ, was also up-regulated in maize protoplasts by ZmWRKY79 transient overexpression (Fig. 3B) . Considering the simultaneous JA biosynthetic gene up-regulation by ZmWRKY79 (Fig. 3B) , a potential feedback loop could be proposed in JA metabolism and signaling mediated by ZmWRKY79. Such feedback of TFs on phytohormone signaling has been widely revealed to maintain phytohormone homeostasis and enable a quick response to various signals (Shahnejat-Bushehri et al., 2016; Zong et al., 2016; Li et al., 2017a) .
ZmWRKY79 responded to ABA treatment in maize roots (Fig. 2F) . Besides, ZmWRKY79 also exhibited inducible gene expression under salt and drought stresses (Fig. 2B, C) . Maize terpenoid phytoalexins similarly accumulated in such abiotic stresses and ABA treatment (Vaughan et al., 2015) . ZmWRKY79 seemed to mediate such induced accumulation of MTP under these abiotic stresses and ABA treatment through regulating MTP biosynthetic genes ( Figs 3A and 4B ). In Arabidopsis, the level of ABA has been shown to increase by drought stress, while the synthesis of GA was repressed, resulting in accumulation of DELLA proteins, which act as the repressors of GA signaling (Takeuchi et al., 2011; Colebrook et al., 2014) . DELLA proteins could physically bind to JAZ proteins, the negative regulators of JA signaling, which would release the transcription factor MYC2, and subsequently enhance JA-mediated resistance (Hou et al., 2010; Hong et al., 2012) . MYC2 was reported to mediate the crosstalk between ABA and JA signaling by regulating numerous downstream TFs under drought stress (Kazan and Manners, 2013) . MYC2 belongs to the bHLH TF family and binds to the G-box elements of target gene promoters. A lot of G-boxes were predicated in ZmWRKY79 promoter (Supplementary Table S8 ) and might be the target of the master MYC2, which could mediate JA and ABA crosstalk under abiotic stress by acting on ZmWRKY79 in maize, similar to the model in Arabidopsis.
ROS play important roles in plant stress response (Daudi et al., 2012; Li et al., 2017b) . Trace amounts of ROS act as the signal to induce plant defense. In the hypersensitive reaction, ROS is produced rapidly to inhibit pathogen infection. ROS also is induced by necrothophic pathogen infection. Harnessing of ROS production and scavenging is the pivotal regulatory mechanism in the plant stress response. Gene expression of ZmWRKY79 responded to H 2 O 2 treatment (Fig. 2D ) and transient overexpression of ZmWRKY79 increased antioxidant gene expression in maize protoplasts and tobacco leaves ( Figs 3D and 7C) , which resulted in mitigated disease symptoms of pathogen infection (Fig. 7A) . These results suggested that ZmWRKY79 plays a role in ROS metabolism and the stress response.
Lastly, by positively regulating genes of MTP biosynthesis, ZmWRKY79 apparently played a part in their metabolic regulation. Such regulation likely recruited the synergistic network between JA and ETH. The response of ZmWRKY79 to abiotic stress indicated involvement in ABA signaling, which might be associated with JA through unknown regulators, such as MYC2. Identification of ZmWRKY79 not only contributes to clarifying MTP metabolism, but also sheds light on phytohormone and ROS signaling in maize.
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